ABSTRACT: Objectives were to investigate the effects of maternal Se supply and nutritional plane during gestation on offspring visceral tissues and indices of intestinal growth, vascularity, and function at 180 d of age. Rambouillet ewe lambs (n = 82, approximately 240 d of age; 52 ± 0.8 kg BW at breeding) were allocated to a 2 × 3 factorial arrangement of treatments. Treatments included dietary Se [adequate Se (ASe, 9.5 μg/kg BW) or high Se (HSe, 81.8 μg/kg BW)] initiated at breeding and nutritional plane [60% (restricted, RES), 100% (control, CON), and 140% (high, HI) of requirements] initiated at d 50 of gestation. Ewes were fed pelleted diets and housed individually indoors. At parturition, lambs were immediately removed and fed artifi cial colostrum for the fi rst 20 h followed by ad libitum access to milk replacer. At 180 ± 2 d of age, lambs were euthanized and tissues were harvested. Birth weight was affected by nutritional treatments (P < 0.001), with decreased birth weight in RES and HI compared with CON. Offspring from RES and HI ewes had decreased (P = 0.07) blood volume compared with CON, and those born to HSe ewes had increased (P < 0.04) total visceral adiposity. Within offspring from CON ewes, those from HSe ewes had greater (P < 0.02) intestinal mass compared with ASe ewes. Within offspring from HSe ewes, both RES and HI had reduced (P ≤ 0.05) intestinal mass compared with CON. Jejunal capillary area density was greater (P = 0.08) in offspring from ewes fed HSe compared with ASe. In addition, area per capillary was greater (P ≤ 0.09) in CON compared with RES. Maternal nutritional plane tended (P ≤ 0.11) to alter total small intestinal vascularity, with lambs from CON being greater than RES. Expression of most mRNA for measured angiogenic factors and receptors was not altered (P ≤ 0.13) by maternal treatments; however, expression of glucagon-like peptide-2 (GLP-2) was decreased (P = 0.07) in offspring from RES compared with CON ewes. Offspring from ewes fed HI diets had increased (P = 0.08) jejunal mucosal maltase activity. In conclusion, maternal Se supply and nutritional plane during gestation resulted in measurable changes in offspring visceral tissues and intestinal biology, including perirenal fat, blood volume, intestinal mass, total jejunal crypt cell proliferation, area per capillary in jejunal villi, GLP-2 mRNA expression, and maltase activity at 180 d. Additional work is needed to determine impacts on intestinal function and nutrient uptake.
INTRODUCTION
Maternal nutrient restriction or excess during certain periods of gestation can have signifi cant impact on placental and fetal growth and development (Wu et al., 2006; Funston et al., 2010; Reynolds et al., 2010) and postnatal outcomes (Caton and Hess, 2010) . In addition, compromised maternal environment during the periconceptional period in sheep has resulted in altered offspring health-related phenotypes in adulthood (Sinclair et al., 2007) . Therefore, maternal nutritional status appears to be a major contributing factor in developmental outcomes in livestock (Wu et al., 2006; Caton and Hess, 2010) . Previously, we demonstrated that nutrient restriction with or without Se supplementation during pregnancy alters maternal and fetal growth, development, and intestinal biology (Scheaffer et al., 2004a,b; Reed et al., 2007; Neville et al., , 2010b . We have also previously shown that birth weight, colostrum and milk quantity and quality, and early postnatal growth are impacted by maternal plane of nutrition (Swanson et al., 2008; Meyer et al., 2010a and that digestion coeffi cients are lower in growing lambs from ewes fed supranutritional levels of dietary Se . In addition, supranutritional Se supplementation to dams that experience nutrient restriction during pregnancy may improve fetal growth Meyer et al., 2010a) , which could result in healthier offspring and have long-term developmental consequences. Therefore, we hypothesized that maternal supranutritional Se supply and nutritional plane would result in altered organ and tissue mass and functionality that would persist in offspring at 180 d of age. Our specifi c objectives were to evaluate the impacts of maternal Se supplementation and nutritional plane on visceral tissue growth and intestinal cellularity estimates, morphology, mucosal maltase activity, vascularity, and mRNA expression of 10 angiogenic factors and receptors in jejunal mucosa of offspring at 180 d of age.
MATERIALS AND METHODS
Animal care and use was approved by the Institutional Animal Care and Use Committees at the North Dakota State University (NDSU), Fargo, ND, and the ARS-USDA U.S. Sheep Experiment Station (USSES), Dubois, ID.
Animals and Diets
A full description of the breeding and feeding programs has been previously published (Swanson et al., 2008; Neville et al., 2010a) . Briefl y, at the USSES, 160 Rambouillet ewe lambs (age = 240 ± 17 d) were randomly assigned to Se treatment at breeding. Selenium treatments were adequate Se (ASe; 9.5 μg/kg BW) vs. high Se (HSe; 81.8 μg/kg BW from Se-enriched yeast; Diamond V, Cedar Rapids, IA) and were delivered in pellet form as a daily top dressing (100 g/ewe). Several experiments have been conducted in our laboratory using this quantity of Se with no signs of toxicity Neville et al., 2008; Swanson et al., 2008; Carlson et al., 2009; Meyer et al., 2010a) . During breeding through pregnancy diagnosis (approximately 33 d postbreeding), ewes were fed (2.04 kg/ewe daily) a diet consisting of 47% alfalfa hay, 20% corn, 20% sugar beet pulp pellets, 8% malt barley straw, and 5% concentrated separator byproduct (DM basis; Swanson et al., 2008) . On approximately d 35 of gestation, 82 pregnant ewes were identifi ed and shipped (1,544 km; approximately 14 h) to the Animal Nutrition and Physiology Center at NDSU for the remainder of the experiment. Ultimately, 40 and 42 ewes remained in the ASe and HSe treatments groups, respectively.
Upon arrival at NDSU, ewes remained on their assigned Se treatments; however, diets were provided in a totally pelleted diet described below. Ewes were individually housed in 0.91 × 1.2 m pens in an indoor facility for the duration of the study. Lighting within the facility was automatically timed to mimic daylight patterns. On d 50 of gestation, ewes were assigned randomly to 1 of 3 nutritional planes: 60% (restricted, RES), 100% (control, CON), or 140% (high, HI) of the requirements (based on NRC, 1985) , resulting in a randomized design with a 2 × 3 factorial arrangement of treatments [ASe-RES (n = 14), ASe-CON (n = 13), ASe-HI (n = 13), HSe-RES (n = 14), HSe-CON (n = 14), and HSe-HI (n = 14)]. All diets were fed once daily in a complete pelleted form consisting of 36% beet pulp, 22% alfalfa meal, 16% ground corn, 18% soybean hulls, and 5% to 7% soybean meal (0.48-cm diam.; Swanson et al., 2008; Neville et al., 2010a) . The soybean meal was reduced to 5% in the HSe pellet to accommodate the addition of 2% Se-enriched yeast (Diamond V; Swanson et al., 2008) . Ewes had free access to water and a trace mineralized salt block (containing no added Se; Roto Salt Company, Penn Yan, NY). As with diets fed at USSES, those fed at NDSU were formulated to be similar in ME and CP concentration and to meet or exceed other nutrient requirements (NRC, 1985; Swanson et al., 2008) . Nutritional plane for the RES and HI treatments was achieved by proportional downward (RES) or upward (HI) shifts in dietary intake, resulting in shifts in total nutrients supplied. Individual daily allotments of diets were usually consumed, with the appearance of orts being rare . Targeted ME requirements for CON-fed animals were based on NRC (1985) recommendations for 60-kg BW, pregnant ewe lambs during mid to late gestation (ADG of 140 g/d) and were adjusted to 2.36 Mcal of ME/d on the basis of previous experience for this type of ewe consuming similar diets and being housed in the Animal Nutrition and Physiology Center at NDSU and as outlined by Neville et al. (2010a) . Body weight was measured every 14 d, and the diets were adjusted accordingly.
Parturition and Postnatal Procedures
All births were allowed to occur spontaneously and were observed so that lambs could be immediately removed from their dams. Lambs were given artifi cial colostrum for the fi rst 20 h (19.1 mL/kg fi rst 2 feedings and 25.5 mL/kg subsequent feedings to achieve 10.64 g IgG/kg BW) after which lambs were fed milk replacer (Super Lamb Milk Replacer; Merrick's Inc., Middleton, WI) and adapted to a teat bucket system with access to fresh alfalfa leaves and creep feed. From 24 h postpartum to weaning, lambs were allowed ad libitum access to milk replacer and feed. Lambs were weaned to a totally pelleted grower diet at 57 ± 3.8 d of age . At 116 ± 3.9 d of age lambs were transitioned to a fi nisher diet. Ingredients and nutrient composition of grower and fi nisher diets are provided in Table 1 . Diet grab samples were taken daily during the growing and fi nishing periods, and composite samples were dried in a 50°C forced-air oven for 48 h, ground to pass through a 2-mm screen, and subsequently analyzed for DM, ash, N (methods 930.15, 942.05, and 990.02, respectively; AOAC, 1990) , ADF, and NDF (Ankom, Fairport, NY). Diet samples were prepared for Se analysis, and hydride generation atomic absorption spectroscopy (5100 AAS; PerkinElmer Inc., Boston, MA) was used for Se analysis, as previously reported (Finley et al., 1996) .
At birth and at 21 d of age, lambs were vaccinated against Clostridium perfringens types C and D (Ultrabac CD; Pfi zer Animal Health, New York, NY). Ram lambs were castrated and all lambs were tail docked at 7 d of age. At 24 ± 3.8 d of age, lambs received injections of vitamins A, D, E, and B complex (Durvet, Blue Springs, MO). All lambs were reared similarly in a temperature-controlled (21°C) and ventilated facility for the duration of the study . Lighting within the facility was automatically timed to mimic daylight patterns.
Tissue Collection
Tissues were collected at 180 ± 2 d of age (mean ± SD). Immediately before necropsy, all lambs were weighed. Lambs were stunned by captive bolt (Supercash Mark 2, Acceles and Shelvoke Ltd., England) and exsanguinated, and tissues were harvested. Intestinal tissues were located, and the demarcations of duodenum, jejunum, ileum, cecum, and colon were made as previously described (Scheaffer et al., 2004b; Reed et al., 2007; Neville et al., 2010b) . A jejunal tissue sample (15 cm) was collected at a site 15 cm down the mesenteric vein distal to the mesenteric-ileocecal vein junction and then up the mesenteric arcade to the point of intestinal intersection. 1 Selenium treatments were daily intake of organically bound Se, adequate Se (ASe; 9.5 μg/kg BW) vs. high Se (HSe; 81.8 μg/kg BW).
2 Nutritional treatments were restricted (RES; fed at 60% of CON), control (CON; 100% requirements for gestating ewe lambs), and high (HI; fed at 140% of CON).
3 Probability values for effects of selenium (Se), nutrition (Nut), and the interaction (Se × Nut). 4 Published previously in Neville et al. (2010a) .
5 EBW (empty BW) = live weight − digesta. 6 Visceral adiposity = omental fat + perirenal fat.
A subsample (5 cm) of the 15-cm jejunal tissue sample was gently washed in PBS buffer, weighed, placed on a polyethylene cutting board, and opened with the luminal side up. Mucosal tissue was separated (scraped) from the remaining tissues with a glass histological slide. Blood, liver, pancreas, perirenal fat, and omental fat were collected and weighed.
Five samples (approximately 1 g) were collected from the jejunal mucosa and jejunum. The samples were wrapped in foil, snap frozen in supercooled isopentane (submerged in liquid nitrogen), and stored at -80°C until processing for laboratory procedures. Portions of the jejunum were prepared for histological laboratory analyses (see procedures below).
Small Intestine Vascularity
A portion of the freshly excised jejunum was perfusion fi xed as previously described (Soto-Navarro et al., 2004; Reed et al., 2007) . Sections of perfused tissue were then immersed in a Carnoy's fi xative (60% ethanol, 30% chloroform, 10% glacial acetic acid; VWR, West Chester, PA; J. T. Baker, Phillipsburg, NJ) for 3 h and transferred to a 70% ethanol solution. Tissues were embedded in paraffi n (Reynolds and Redmer, 1992) , and 4-μm tissue sections were made from the paraffi n blocks, mounted on glass slides, and prepared for staining procedures (Soto-Navarro et al., 2004) . Slides were stained using periodic acid-Schiff's staining procedures (Luna, 1968) to contrast the vascular tissue. Capillary measurements were made in the intestinal villi as previously described Caton et al., 2009a) using the Image-Pro Plus 5.0 analysis software (Media Cybernetics Inc., Silver Spring, MD).
Jejunal Cell Proliferation
Fresh jejunal tissue sections were immersed in a Carnoy's fi xative (60% ethanol, 30% chloroform, and 10% glacial acetic acid) and prepared for staining procedures as described above. Proliferating cell nuclear antigen (PCNA) was used for histological estimates of tissue cellular proliferation. Tissue sections were treated with blocking buffer consisting of PBS and 1.5% (vol/vol) normal horse serum (Vector Laboratories, Burlingame, CA) for 20 min. Sections of fi xed tissues were incubated with anti-PCNA mouse IgG monoclonal antibody (Clone PC-10, Chemicon International, Temecula, CA) at 1 μg/ mL in blocking buffer (Scheaffer et al., 2004a; SotoNavarro et al., 2004) . Primary antibody was detected using a biotinylated secondary antibody (horse anti-mouse immunoglobulin G, Vectastain; Vector Laboratories) and Avidin-Biotin Complex system (Vectastain; Vector Laboratories). Tissue sections were counterstained with nuclear fast red to visualize unlabeled nuclei. Cellular proliferation was quantifi ed using Image Pro Plus 5.0 analysis software (Media Cybernetics Inc.).
Cellularity Estimates
Freshly thawed jejunal tissue samples (0.5 g) were homogenized using a Polytron fi tted with a PT-10s probe (Brinkmann, Westbury, NY) in a Tris aminomethane, sodium, and EDTA buffer (TNE buffer; 0.05 M Tris, 2.0 M NaCl, 2 mM EDTA, pH 7.4). Samples were then analyzed for concentrations of DNA and RNA by using the diphenylamine (Johnson et al., 1997) and orcinol procedures (Reynolds et al., 1990) . Protein in tissue homogenates was determined with Coomassie Brilliant Blue G (Bradford, 1976) , with BSA (Fraction V; Sigma Chemical, St. Louis, MO) as the standard (Johnson et al., 1997) . Prepared samples were analyzed with a spectrophotometer (Beckman DU 640, Beckman Coulter Inc., Brea, CA) and were assessed against standard curves of known concentrations.
Quantitative Real-Time PCR Analysis
In this study, lamb jejunal mucosa mRNA was analyzed for angiogenic factors and their receptors [vascular endothelial growth factor (VEGF), fmsrelated tyrosine kinase 1(FLT1), kinase insert domain receptor (KDR), angiopoietin 1 (ANGPT1), angiopoietin 2 (ANGPT2), endothelial tyrosine kinase (TEK), endothelial nitric oxide synthase 3 (NOS3), and soluble guanylate cyclase (GUCY1B3)], as well as 18S mRNA using using quantitative real-time PCR. In addition to angiogenic factors we also quantifi ed glucagonlike peptide-2 (GLP-2) and its receptor (GLP-2R) in jejunal tissues (Caton et al., 2009b) . Methods used for extraction and quantifi cation of mRNA and the analysis of major angiogenic factors have been published previously (Redmer et al., 2005; Vonnahme et al., 2006; Borowicz et al., 2007) . All quantitative real-time reverse transcription PCR data were normalized by dividing quantity of gene of interest expressed by 18S, a reference standard. Modifi cations used in the current analysis have recently been published Neville et al., 2010b) . Human 18S mRNA [predeveloped assay reagent (PDAR); Applied Biosystems, Foster City, CA] was added to serve as an internal control to minimize sample variation. Analyses were conducted using TaqMan reagents and procedures purchased from and recommended by Applied Biosystems.
Expression of each angiogenic factor was normalized to expression of 18S in a multiplex reaction using the human 18S PDAR from Applied Biosystems. The PDAR solution, which is primer limited and contains a VIC-labeled probe (a proprietary reporter dye; Applied Biosystems), was further adjusted by using one-fourth the normal amount, so that it would not interfere with amplifi cation of the 6-carboxy-fl uorescein (FAM) -labeled gene of interest. The multiplex reaction, similar to previous study (Neville et al., 2010b) , was also used to prepare standard curves for 18S and the gene of interest based on dilutions of cDNA obtained from reverse transcription of RNA obtained from pooled late pregnancy sheep placentomal tissues.
Maltase Activity
Maltase was analyzed on jejunal mucosa samples that had been stored at -80°C. Analysis procedures followed those of Turner and Moran (1982) with modifi cations by Oliver (2004) . Released glucose was measured by the Infi nity Glucose Hexokinase (1524-400H, Thermo Electron Corporation, Louisville, CO) microtiter plate method with standards ranging from 0.67 to 8.17 mM.
Calculations
Jejunal mucosal density was calculated by dividing the mucosal scrape mass by the jejunal sample mass before the scrape and multiplying by 100. Organ weights obtained at slaughter are presented on a fresh organ mass basis as well as per unit of empty BW (EBW; organ weight is divided by EBW). Empty BW was equal to BW minus total digesta weight. Visceral adiposity was calculated by adding omental and perirenal fat to determine total internal adiposity.
Capillary area density was determined by dividing the total capillary area (μm 2 ) by the area of tissue analyzed (μm 2 ) and multiplying by 100 to express vascularity as a percentage (Caton et al., 2009a; Meyer et al., 2010b) . Capillary number density was calculated by dividing the total number of vessels counted by tissue area (μm 2 ) and then multiplying by 1,000,000 to express the data as capillaries per square millimeter. To estimate the capillary surface density (total capillary circumference per unit of tissue area), the mean capillary perimeter (circumference; μm) was divided by tissue area (μm 2 ). Although capillary surface density actually represents the circumference of the capillary cross sections, it is nevertheless proportional to their surface area . Finally, area per capillary was determined by dividing total capillary area by capillary number, resulting in area per capillary (μm 2 ). Total vascularity (mL) was calculated by multiplying the percentage of capillary area density by tissue mass.
The percentage of proliferating cells was estimated by dividing the number of PCNA-stained nuclei by the total number (PCNA + hematoxylin stained) of nuclei present within the area of tissue analyzed. Total number of cells was calculated by dividing total tissue DNA (mg) by 6.6 × 10 -12 g DNA per cell (the average amount of DNA per nucleus; Baserga, 1985) . The total number of cells proliferating was calculated by multiplying the total number of cells by the percentage of cell proliferation (Zheng et al., 1994) .
Concentration of DNA was used as an index of hyperplasia, with RNA:DNA and protein:DNA used as indices of hypertrophy (Swanson et al., 2000; Scheaffer et al., 2003; Soto-Navarro et al., 2004) . Total RNA, DNA, and protein contents were calculated by multiplying RNA, DNA, and protein concentrations by fresh tissue weights (Swanson et al., 2000; Scheaffer et al., 2003) .
Statistical Analysis
The experimental design for this study was a completely randomized design with a 2 × 3 factorial arrangement of treatments. The incidence of twining was 44.4%; therefore, fetal number was included in the model. Ewes were individually penned with treatment imposed in utero; therefore, individual lamb served as the experimental unit. Only lambs that survived until harvest were used in the data set, resulting in 12, 12, 8, 17, 14, and 10 lambs for ASe-RES, ASe-CON, ASe-HI, HSe-RES, HSe-CON, and HSe-HI, respectively. Data were analyzed using an ANOVA (GLM procedures; SAS Inst. Inc., Cary, NC). The model contained effects for fetal number, maternal Se supply (ASe and HSe), maternal nutritional plane (RES, CON, and HI), and their interaction. This approach is as previously published Carlson et al., 2009; Neville et al., 2010a,b; . Least squares means and SEM are presented for all data. The main effects were discussed and interactions were considered relevant if P ≤ 0.10. Means were separated using the method of least signifi cant difference.
RESULTS
Offspring from ewes fed RES and HI nutritional planes had decreased (P < 0.001; Table 1 ) birth weight compared with CON; however, BW and EBW at 180 d of age were not altered (P > 0.35) by maternal Se or nutritional plane (also reported by . Offspring from RES and HI ewes had decreased (P = 0.07) blood weight (g) compared with CON. Likewise, there was a tendency for relative blood weight (g/kg EBW) to be reduced (P = 0.10) in RES compared with CON, with HI being intermediate (Table 1) . Total offspring heart and kidney weights (g) were not altered by treatment; however, HSe reduced proportional heart (P = 0.004) and kidney (P = 0.09) masses (g/kg EBW) compared with ASe. Liver (g and g/kg EBW) and pancreas (g/kg EBW) were unaffected (P > 0.34) by treatment, whereas total pancreatic mass (g) was decreased (P = 0.09) in offspring from RES compared with CON-fed ewes. Offspring born to HSe ewes had increased (P ≤ 0.04) perirenal fat (g and g/kg EBW) compared with ASe, whereas omental fat was not altered (P > 0.30) by treatments (Table 1) . Consequently, total visceral adiposity was greater (P = 0.10 and P = 0.04 for g and g/kg EBW, respectively) in offspring from ewes fed HSe compared with ASe.
Although there were no effects of maternal Se supplementation and nutritional plane on offspring liver RNA, DNA:RNA, and protein concentration (data not shown), offspring liver DNA concentration (mg/g) was affected by both maternal Se supplementation (P = 0.06; 2.83 vs. 2.49 ± 0.13 for ASe and HSe, respectively) and nutritional plane (P ≤ 0.06; Fig. 1) . A similar pattern due to maternal nutritional plane was demonstrated in total offspring liver DNA concentration (g; data not shown; P = 0.06). Observed differences in offspring heart cellularity include left ventricular protein:DNA (P = 0.10; 47.2 vs. 57.2 ± 4.4 for ASe and HSe, respectively), right ventricular RNA:DNA (P = 0.03; 1.61 vs. 1.92 ± 0.10 for ASe and HSe, respectively), and a Se × nutritional plane interaction (P = 0.04; Fig. 2 ) for right ventricular RNA concentration (mg/g). In offspring from HSe ewes fed CON diets, right ventricular RNA concentration (mg/g) was less (P ≤ 0.10) than in offspring from HSe-RES-and HSe-HI-fed ewes.
There were no effects (P ≥ 0.24) of maternal Se supply or nutritional plane on ruminal, abomasal, duodenal, jejunal, or large intestinal weights (g or g/kg EBW) in offspring at 180 d of age (Table 2) . Likewise, jejunal mucosal density was not altered (P ≥ 0.24) by maternal treatment. Offspring from ewes fed CON diets had greater (P = 0.10) reticular weights compared with offspring from ewes fed either RES or HI diets. There were Se × nutritional plane interactions (P ≤ 0.09) in omasal, ileal, and total small intestinal weights in offspring ( Table 2 ). The weight of the omasum (g/kg EBW) was greater (P ≤ 0.10) in lambs born to HSe-CON ewes compared with ASe-CON ewes. Ileal weights (g and g/kg EBW) in offspring from CON ewes fed HSe were greater (P < 0.05) compared with HSe-RES, HSe-HI, and ASe-CON fed to offspring of the ewe. Although maternal nutritional plane in ASe ewes did not infl uence (P > 0.33) offspring total small intestinal weight (g or g/kg EBW), offspring from HSe-CON ewes had greater (P < 0.05) total small intestinal weight (g) compared with offspring from HSe-RES and HSe-HI ewes. However, offspring from HSe-CON ewes had greater (P = 0.05) proportional total small intestinal weight (g/kg EBW) than HSe-RES ewes, with HSe-HI being intermediate. Offspring born to HSe-CON ewes had increased (P ≤ 0.10) total small intestinal weight (g or g/kg EBW) compared with ASe-CON.
There was no effect of maternal Se treatment or nutritional plane on offspring jejunal RNA, DNA, or protein measurements (P ≥ 0.12; Table 3 ) except for DNA concentration (mg/g) in jejunal mucosal scrape (Fig. 3) . In this case, there was a Se × nutritional plane interaction (P < 0.06; Table 3), which was being driven by lambs from HSe-RES ewes having greater (P ≤ 0.07) DNA compared with HSe-CON and HSe-HI, which were similar (P = 0.39; Table 3 ). In addition, offspring from ewes fed ASe-HI had increased (P = 0.05) jejunal mucosal scrape DNA concentration compared with HSe-HI. Maltase activity was increased (P = 0.08) in lambs from ewes fed a HI nutritional plane compared with CON and RES (Fig. 4) . Selenium treatments were daily intake of organically bound Se, adequate Se (ASe; 9.5 μg/kg BW) vs. high Se (HSe; 81.8 μg/kg BW). Nutritional (Nut) treatments were restricted (RES; fed at 60% of CON), control (CON; 100% requirements for gestating ewe lambs), and high (HI; fed at 140% of CON). a,b Least squares means ± SEM with different superscripts differ (P < 0.06).
Furthermore, maternal nutritional plane decreased (P = 0.09) total crypt cell proliferation in offspring jejunal tissues when ewes were fed RES or HI compared with CON. Moreover, percentage proliferating nuclei, villus width, total jejunal cells, and jejunal morphology were not affected (P > 0.12) by maternal dietary treatments (Table 4) . Although offspring total jejunal vascularity (mL) was not affected by maternal Se and nutritional plane (P = 0.13), capillary area density was greater (P = 0.08) in offspring from ewes fed HSe compared with ASe (Table 4 ). In addition, area per capillary was greater (P ≤ 0.09) in offspring from CON ewes compared with RES, with HI being intermediate.
The mRNA expression of offspring mucosal scrape angiogenic factors was not affected by maternal Se and nutritional plane (P > 0.13), except for the mRNA relative expression of GLP-2, where ewes fed RES resulted in decreased GLP-2 mRNA expression compared with CON and HI offspring (P = 0.07; Table 5 ).
DISCUSSION
Previously, investigations evaluating impacts of maternal nutrition during gestation on offspring responses were conducted with lambs suckling their dams Gardner et al., 2004; Muñoz et al., 2009 ). Therefore, the direct effects of dietary manipulation during gestation on postnatal outcomes were confounded by postnatal maternal contact. Thus, in the present study, lambs were removed at birth, before suckling, and raised independent of postnatal maternal infl uences (Swanson et al., 2008; Neville et al., 2010a) ; consequently, impacts of gestational nutrition on offspring responses are more clearly tested. Although many studies have focused 1 Selenium treatments were daily intake of organically bound Se, adequate Se (ASe; 9.5 μg/kg BW) vs. high Se (HSe; 81.8 μg/kg BW).
2 Nutritional treatments were restricted (RES; fed at 60% of CON), control (CON; 100% requirements for gestating ewe lambs), and high (Hi; fed at 140% of CON).
3 Probability values for effects of selenium (Se), nutrition (Nut), and their interaction. Where fetal number or sex was signifi cant as a covariate, it remained in the model. 4 EBW (empty BW) = fi nal BW − digesta weight. on developmental programming during perinatal and neonatal phases of life (Sinclair et al., 2007; Meyer et al., 2010a,b) , few reports have addressed changes occurring and persisting during growing phases, specifi cally changes within the gastrointestinal tract 6 mo after birth. In keeping with our hypothesis, maternal Se supply and/ or nutritional plane altered fetal birth weights, visceral organs, and intestinal biology, and most importantly, these developmental changes persisted out to 180 d of age. Data from this study demonstrate numerous measurable changes in 180-d-old offspring that are attributable to maternal Se supply and/or nutritional plane during gestation. These data challenge traditional concepts regarding postnatal growth and development and provide evidence for developmental programming, which is the concept that perturbations during gestation (in this case nutritional) can have lasting and measurable impacts on offspring (reviewed by Wu et al., 2006; Caton and Hess, 2010) .
In the present study, birth weight was reduced in offspring from restricted and overnourished ewes. Previously, overnourishing singleton-bearing, young, fi rst-parity pregnant ewe lambs resulted in rapid maternal Table 4 . Infl uence of maternal Se supply and nutritional plane in ewes on offspring jejunal proliferating nuclei, total cells, and total proliferating cells; jejunal morphology; and jejunal vascularity at 180 d of age. Means within a row with different superscripts differ (P < 0.10). 1 Selenium treatments were daily intake of organically bound Se, adequate Se (ASe; 9.5 μg/kg BW) vs. high Se (HSe; 81.8 μg/kg BW).
3 Probability values for effects of selenium (Se), nutrition (Nut), and their interaction (Se × Nut). 4 Capillary area density = (capillary area/tissue area evaluated) × 100.
5 Capillary number density = (capillary number/tissue area evaluated) × 1,000,000. This calculation provides the number of capillaries per square millimeter of tissue area analyzed.
6 Capillary surface density = (total capillary circumference/tissue area evaluated) × 10.
7 Area per capillary = capillary area/capillary number per sample area.
8 Total jejunal vascularity = capillary area density (%) × jejunal mass (g). Means within a row with different superscripts differ (P < 0.10).
1 Selenium treatments were daily intake of organically bound Se, adequate Se (ASe; 9.5 μg/kg BW) vs. high Se (HSe; 81.8 μg/kg BW).
3 Probability values for effects of selenium (Se), nutrition (Nut), and their interaction (Se × Nut). 4 Genes of interest listed include vascular endothelial growth factor (VEGF), fms-related tyrosine kinase 1 (FLT1), kinase insert domain receptor (KDR), angiopoietin 1 (ANGPT1), angiopoietin 2 (ANGPT2), endothelial tyrosine kinase (TEK), endothelial nitric oxide synthase 3 (NOS3), and soluble guanylate cyclase (GUCY1B3), glucagon like peptide-2 (GLP-2) and glucagon like peptide-2 receptor (GLP-2R).
5 TEK fetal covariate was signifi cant (P = 0.04); when removed from the model, P-values for Se, Nut, and Se × Nut were 0.21, 0.22, and 0.28, respectively.
growth at the expense of nutrient requirements of the gravid uterus and, consequently, premature delivery of low-birth-weight lambs (Wallace et al., 1996 (Wallace et al., , 1999 Caton et al., 2009a) . Likewise, as demonstrated by others (Ford et al., 2007; Reed et al., 2007; Carlson et al., 2009; Meyer et al., 2010a) , nutrient restriction of fi rst-parity ewes during mid and late gestation has reduced fetal growth and decreased BW. Additionally, maternal nutrient restriction not only is associated with offspring postnatal metabolic and cardiovascular disorders but can also result in poor carcass and wool quality (Bell, 1992; Hawkins et al., 1997; Gilbert et al., 2005) . However, in our study the differences observed in lamb birth weights were not maintained at 180 d of age, with both live and empty BW being similar among treatments. It is possible that postnatal environment facilitated the catch-up growth of lambs from restricted and overnourished ewes. Alternatively, a lack of difference at d 180 could refl ect a small sample size. Clearly, additional studies should be performed to determine if there were differences in metabolic functioning of these offspring. Total visceral adiposity was increased in 180-d-old offspring born to fi rst-parity ewe lambs fed supranutritional levels of Se compared with adequate Se. Increases in visceral adiposity were driven primarily by changes in perirenal and not omental fat depots. In sheep, the effects of maternal nutrient restriction on fetal adipose tissue mass have been inconsistent and depend on the timing, level, and/or length of dietary restriction (Bispham et al., 2003; Symonds et al., 2004) . Moreover, as reported by Mader et al. (2009) , when investigating the relationship among measures of growth performance and effi ciency with carcass trait and visceral organ mass, there was a negative correlation between G:F and total fat weight proportion and a positive correlation with lean weight proportion in cattle. Other studies have documented that total visceral (Gardner et al., 2005) and perirenal (Ford et al., 2007) adiposity of the offspring is increased by maternal nutrient restriction, which was accompanied by insulin resistance compared with offspring from control ewes (Gardner et al., 2005; Gnanalingham et al., 2005; Caton et al., 2007; Ford et al., 2007) . In the present study, as reported by Vonnahme et al. (2010) , pancreatic mass was reduced in ewe lambs born to restricted and overnourished ewes, and both maternal supranutritional Se intakes and nutritional plane can infl uence insulin sensitivity in growing ewe lambs.
Intestinal function is controlled by numerous dynamic processes that rely on appropriate blood fl ow to underpin nutrient exchange capacity that both supports intestinal growth and health and simultaneously supplies nutrients for other tissue and whole-animal functions. Blood fl ow and nutrient exchange capacity greatly depend on diet quality (Reynolds et al., 1991; Seal and Reynolds, 1993) and quantity (Huntington et al., 1990; Scheaffer et al., 2004a; Reed et al., 2007) . Moreover, gut tissues are responsive to physiological and environmental changes resulting in responses in terms of tissue mass and cellularity (Scheaffer et al., 2003 (Scheaffer et al., , 2004b , vascularization , and expression of angiogenic factors (Neville et al., 2010b) . In our study, lambs from restricted and overnouished ewes had reduced blood volume compared with lambs from CON-fed ewes. Although others have reported that altering maternal nutritional plane in sheep alters maternal blood volume Caton et al., 2009a) , this is the fi rst report of maternal nutritional plane impacting offspring blood volume out to 180 d of age. Although blood volume was reduced in offspring from restricted and overnourished ewes, the BW at 6 mo of age did not differ across the treatments. Moreover, jejunal total cell proliferation was also reduced in offspring from restricted and overnourished ewes compared with control.
There were maternal Se × nutritional plane interactions in offspring ileal and total small intestinal mass data (g and g/kg EBW). Offspring from ewes fed HSe-CON had a greater proportional total small intestinal weight compared with HSe-RES and ASe-CON, and other treatments were intermediate. We have observed that feeding HSe at supranutritional levels can increase small intestinal mass when animals are fed nonrestricted diets (Soto-Narvarro et al., 2004) . We would assume increased total small intestinal mass resulted in increased crypt cell proliferation at some point in response to treatment with concomitant altered formation of villi number or shape, thereby leading to increased surface area for nutrient exchange, which could theoretically make the small intestine more productive and effi cient. However, additional work in this direction is needed to either confi rm or reject this hypothesis. Interestingly, we observed increased maltase activity in jejunal mucosal scrapes of offspring from overnourished ewes when compared with those from control and restricted ewes, which suggest functional changes at the mucosal level in offspring in response to maternal plane of nutrition. Additional work here is needed to further delineate the responses and their potential impact on offspring productivity.
As stated above, total cells proliferating in jejunal crypts and area per capillary were reduced in offspring from both restricted and overnourished ewes, indicating that maternal nutritional plane can have impacts on intestinal biology of 180-d-old offspring. Interestingly, these changes in the intestine are consistent with observed differences in birth weight, with lighter-born lambs from restricted and overnourished ewes having reduced numbers of proliferating crypt cells and lower area per capillary in the intestinal villus. Contrary to previous studies (Jiang et al., 1999 (Jiang et al., , 2000 Grazul-Bilska et al., 2009) , where dietary Se affected cell proliferation and vascular responses in the intestine, mammary gland, and fetal ovaries, in our study offspring jejunal cell proliferation was not affected by maternal Se supply.
Previous work has shown that fetal intestines are sensitive to maternal nutritional status. Nutrient restriction can slow the intestinal growth trajectory (Shanklin and Cooke, 1993; Weaver et al., 1998) . Intestinal tissues are responsive to intrauterine growth restriction (IUGR), and IUGR offspring can have decreased small intestinal mass and length (Avila et al., 1989; Trahair et al., 1997; Wang et al., 2005) , altered intestinal villi morphology (Avila et al., 1989; Trahair et al., 1997) , and an altered intestinal proteome (Wang et al., 2008) . It has been suggested that IUGR fetuses are born with an immature small intestine (Trahair et al., 1997; Greenwood and Cafe, 2007) , which may account for some of their decreased immune competence (Cronje, 2003) , survival (Wu et al., 2006) , and growth potential (Wu et al., 2006; Caton et al., 2007; Greenwood and Cafe, 2007; Meyer et al., 2010a; during early neonatal life. Recent data from our laboratory Neville et al., 2010b) indicate that compromised fetuses resulting from nutritionally perturbed dams demonstrate reduced intestinal mass, vascularity, and GUCY1BC mRNA expression, the receptor for NOS3. However, as demonstrated by Meyer et al. (2010b) , timing (early gestation or mid gestation) of maternal nutrient restriction during gestation can have various effects on fetal GI tract; specifi cally, those offspring from restricted ewes had increased intestinal vascularization. This increased intestinal vascularization in IUGR fetuses could be due to an attempt to rescue important tissues during development (Nathanielsz, 2006) . Although combining compromised and immature intestinal tissues with premature delivery (often observed with IUGR fetuses) and reduced colostrum and IgG supplied from the dam Swanson et al., 2008) present increased neonatal mortality risks, the longer-term impacts on both intestinal biology and, consequently, whole-animal performance are relatively unknown. However, new data presented in this paper clearly show that intestinal biology of offspring from restricted or overnourished ewes are impacted out to 180 d of age.
Expression of measured angiogenic factors and their receptors in offspring were largely unaltered by maternal Se supply or nutritional plane. However, KDR (VEGF receptor) and TEK (ANGPT1 and ANGPT2 receptor) both tended to be reduced in the jejunal mucosa of offspring from restricted and overnourished ewes. These tendencies in decreased relative mRNA gene expression of KDR and TEK might have affected proper vascular development, specifi cally affecting the jejunum in terms of nutrient absorption and cell proliferation.
Glucagon-like peptide-2 belongs to the larger family of glucagon-like peptide hormones and/or growth factors (Burrin et al., 2003) . It is produced in intestinal, pancreatic, and brain tissues of several species, including pigs, humans, dogs, and rodents (Burrin et al., 2003) . Within the intestine, GLP-2 has been shown to increase eNOS (Guan et al., 2006) and VEGF (Bulut et al., 2008) mRNA expression and increase mucosal blood fl ow , which clearly implicates the GLP-2 system in intestinal vascular responses. Research on this recently identifi ed peptide has focused on several aspects of monogastric nutrition and health, including stimulatory effects of intestinal growth in neonatal pigs (Petersen et al., 2001) , regulation of pancreatic growth (Brubaker and Drucker, 2004) , regulation of intestinal adaptation (Martin et al., 2006) , human recovery after intestinal surgery (Dube and Brubaker, 2007) , enhanced nutrient absorption in pigs (Sangild et al., 2006 (Sangild et al., , 2007 , and increased intestinal blood fl ow (Guan et al., 2006) . Research investigating GLP-2 in ruminants is very sparse in the literature, and these data are the fi rst we are aware of that evaluate the impacts of maternal nutrition on GLP-2 mRNA expression in near-adult offspring.
In the present study, mRNA expression of GLP-2 but not the receptor GLP2-R was reduced in 180-d-old offspring from nutrient restricted and overnourished fi rst-parity ewes. Reductions in mRNA expression of GLP-2 coincided with observed reductions in total jejunal crypt cells proliferating and reductions in jejunal vascularity as measured histologically as area per capillary. These data, taken together with observed IUGR in offspring from restricted and overnourished ewes, infer that changes in intestinal proliferation and vascularity of 180-d-old offspring may be mediated by reductions in GLP-2. Additional work is needed to confi rm these fi ndings.
In summary, data presented here are novel in many respects and support our hypothesis that maternal supranutritional levels of Se and/or nutritional plane during gestation affect birth weights, visceral organs, and intestinal biology in 180-d-old offspring. Evidence is presented for altered blood volume, heart and kidney masses, visceral adiposity, and intestinal biology in 180-d-old offspring. Specifi cally, maternal nutrient restriction and excess appears to reduce total crypt cell proliferation and measures of vascularization in the intestinal villi. In addition, mRNA expression data are taken to indicate that changes in intestinal biology of offspring resulting from maternal nutrition during gestation are partially mediated by changes in GLP-2. Interestingly, in this study, as reported by Neville et al. (2010a) , in males used for the N balance study, lambs from HSe ewes had decreased digestibility of DM, OM, NDF, ADF, and N compared with lambs from ASe ewes. These changes in intestinal biology and digestion indicate that despite the similar postnatal environment, the gastrointestinal tract is increasingly sensitive to maternal nutrition during gestation and might have future implications for livestock production. Additional research is needed to confi rm or reject these fi ndings and to determine how maternal nutrition during gestation affects offspring small intestinal growth, development, and postnatal function. This knowledge, combined with a more detailed understanding of critical aspects of intestinal development in ruminants, will allow for enhanced management of gestational nutrition and for potential therapeutic treatments for IUGR offspring.
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